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Conceptual Model Development for Groundwater Flow and Origin Based on Geochemical and 
Isotopic Analysis 
Currently, water resource has become an important issue, restricting the socio-economic and 
environmentally sustainable development.  The continuous growth of population in the world means more 
water is required for domestic, commercial, environmental, mining, industrial, and agricultural activities (Aly 
et al. 2015). Increasing water demand needs an integrated water resource management and assessment in arid 
and semi-arid regions. One of the biggest example is the Gobi Desert, which expands across northern China 
and the southern part of Mongolia, and it is one of the largest cold deserts in the world. The issue of 
unsustainable water use for irrigation has been recognized in the southern part of the Gobi Desert (northern 
China) but water usage is increased significantly by mining industries in the northern part of the Gobi Desert 
(Southern part of Mongolia) during the past decades.  
Mongolia is one of the largest landlocked country with no access to the ocean, with an area of 1 566 600 
square kilometers and is bordered by Russia and China (Fig. 1a). In terms of area, Mongolia is the eighteenth 
largest country in the world and according to the 2018 census; the population was over 3.2 million. Mongolia’s 
Gross Domestic Production is built up of 13% agriculture, 30% industry, and 57% services. Consequently, the 
mining industry is the largest industry in Mongolia, and the country’s economy  hugely depends on the export 
of ores (between 60 - 80% of total exports), mostly coal, copper, gold, and other nonferrous metals (Šimalčík 
2016). The Tavan Tolgoi and Oyu Tolgoi mines are the two most important mining sites to the Mongolian 
government. The Tavan Tolgoi minecontains vast reserves of coal while the Oyu Tolgoi mine boosts large 
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copper and gold deposits. The Oyu Tolgoi mine is estimated to hold over 44 million tons of copper and 1903 
tons of gold. The two mining sites require significant amounts of water in order to achieve maximal output. 
Moreover, most of the biggest mineral deposits of Mongolia (including these two mines) are located in the 
SGR (Fig. 1b). 
Figure 1. a – Location of the SGR and its relationship to the Gobi Desert. b – The biggest mineral deposits in 
the SGR. 
The study area is located in the northern part of the Khanbogd district, Umnugobi province, SGR 
(northern part of the Gobi Desert), between 106°10'E to 108°05ʹE and 43°05ʹN to 43°55ʹN with an area of 
approximately 7,100 km2 (Fig. 2a). The area is surrounded by the Khanbogd Mountains to the south, the 
Zogdor Mountains to the west, and the Ikh Shankh range and Gurvan Kharaat Mountains to the northwest and 
northeast (Fig. 2b).
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Figure 2. Topography map showing: a – Location of the study area and its relationship to the Khanbogd district and Gobi Desert. b – Brief topography of 
the study area and sampling locations. The contour lines represent elevation (m asl).
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According to the climate condition of Mongolia, it is difficult to use surface water as a sustainable water 
resource. Although, surface runoff is ephemeral in the SGR, and some permanent springs and temporary 
surface streams originate from the high mountains during summer and autumn rainy seasons. It is indicated 
that groundwater is the primary source of water supply for urban and industrial centers and animal husbandry 
in this region.  
The groundwater of the SGR is critical; shallow groundwater serves as the only source of water supply 
for drinking, domestic and livestock watering, while deep groundwater is largely utilized by exploration and 
mining companies such as the Oyu Tolgoi Mine located in Khanbogd soum (district), Umnugobi Province, 
Mongolia. The Khanbogd district has recently received much attention due to increasing water demands by 
the Oyu Tolgoi Mine and its environmental impact. Local communities are concerned the groundwater that 
they have always used may dry up or be contaminated, therefore rationing their domestic usage and negatively 
impacting their livelihoods as herders.  
Over the past decades, the Mongolian government and the Oyu Tolgoi company have conducted 
hydrogeological exploration for assessment and utilization of the water resources around Khanbogd district as 
well as studies aiming at understanding the hydrogeological conditions of the Gunii Khooloi aquifer 
(Munkhbaatar et al. 2004; Tuvdendorj et al. 2008). Analysis of the aquifer system and hydrogeological 
conditions together with geochemical and isotopic techniques can provide information on the groundwater 
sources and their associated recharge processes (Coplen et al. 2000; Mahlknecht et al. 2004; Glynn and 
Plummer 2005; Ma et al. 2009).  
Although significant isotopic and hydrogeochemical surveys have been conducted over the past decade 
in the middle or southern part of the Gobi Desert (northern China), such as the Badain Jaran Desert (Gates et 
al. 2008), the Shiyang River Basin (Ma et al. 2005), the Heihe River Basin (Yang et al. 2011), the Dunhuang 
Basin (Ma et al. 2013) and the Hexi Corridor (Wang et al. 2017), while the northern part of the Gobi Desert 
(SGR) is still not well understood. Comprehensive investigations to understand groundwater geochemical 
evolution, recharge mechanisms, and the origin of groundwater and groundwater age that combine chemistry 
and isotopic indicators are also few or non-existent in Mongolia.  
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To investigate this hydrogeochemical and isotopic study, springs, groundwater in shallow wells and 
deep wells in the study area were sampled twice (in September 2016, and in June 2017). A total of 95 
groundwater samples were collected within these two years for major chemical analysis and stable isotopic 
analysis in order to understand the general hydrogeochemical conditions and to determine groundwater origin 
of the Gunii Khooloi basin with additional 6 rainwater samples. 
Graphical interpretations such as Piper trilinear diagram (Piper 1944) and Stiff (1951) diagrams are 
applied to clarify groundwater type using Aquachem and Geochemist’s Workbench software and multivariate 
statistical analysis, such as principal component analysis (PCA) and hierarchical cluster analysis (HCA), were 
used to clarify relationship between shallow and deep groundwater in the Gunii Khooloi basin. Finally, first 
hydrogeological conceptual model has been constructed by all of this results.  
According to field data, the mean pH of the spring water (8.0) is higher than that of shallow (7.8) and 
deep groundwater (7.9). However, the mean value of pH in shallow monitoring wells (8.7) and deep monitoring 
wells (9.7) are very high compared with other samples. It is clear that the temperature of shallow groundwater 
(12.3°C) is lower than that of deep groundwater (16.8°C). EC increases along the flow directions, with an 
average of 480 µS/cm in springs and 965 µS/cm in shallow groundwater. The same tendency has been observed 
in semi-arid and arid basins around the world, such as the northern Sahara sedimentary basin, Algeria 
(Guendouz et al. 2003), Chahardouly alluvial basin, West Iran (Tizro and Voudouris 2008), as well as other 
groundwater basins in the Gobi Desert (northern part of China), such as Minqin Basin (Zhu et al. 2007), Heihe 
River Basin (Yang et al. 2011), Dunhuang Basin (Ma et al. 2013) and Ejina Basin (Wang et al. 2013). However, 
average value of EC in the deep groundwater is 4465 µS/cm, which is almost 4 times higher than shallow 
groundwater. Some shallow monitoring wells have high EC values (more than 2000 µS/cm) and some deep 
monitoring wells have low EC (less than 1000 µS/cm) compared to shallow and deep groundwater. 
The plots of shallow groundwater were dispersed in the Piper diagram (Fig. 3). Springs and a few 
samples from shallow groundwater in the study area are classified as Ca-HCO3 and Na-HCO3 and some of 
them classified as a mixture of Ca-Na-HCO3 types. However, shallow groundwater samples located close to 
the Elgen, Gurvan Kharaat mountains area in the Gunii Khooloi basin are classified as Na-Cl type. In case of 
the Gunii Khooloi deep aquifer, water samples are predominantly chloride type, whereas samples from the 
 6 
 
western part of the aquifer are more sulfate-enriched than the eastern part of the aquifer. The concentrations 
of major cations in the study area are in the order of 𝑁𝑎++𝐾+>𝐶𝑎2+>𝑀𝑔2+. Overall, the trilinear diagram 
shows that almost all water samples fall into zone 2, which implies that groundwater in the study area is 
dominated by alkalis (𝑁𝑎+ and 𝐾+), which exceeds alkaline earths (𝐶𝑎2+ and 𝑀𝑔2+). 
 
Figure 3. Piper diagram for the chemical analysis of groundwater collected from the shallow groundwater 
and Gunii Khooloi aquifer in the study area 
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To examine the relationship between sampling sites and water quality, Stiff diagrams were 
prepared and are shown on the map in Fig. 4. Spring water samples are of Ca-HCO3 or Na-HCO3 
type, while shallow groundwater is mainly characterized by Na-HCO3, Na-mixed and Na-Cl type; 
however, these diagrams are small, therefore indicating low EC. Although the springs and shallow 
groundwater are dispersed in the Piper diagram, it is clear that the dispersion reflects a slight change 
of ion concentrations due to the local conditions of the sampling sites. Only few shallow groundwater 
(samples 5, 27, 43, and 18) are Na-Cl type with high EC; these are located at an outcrop of Cretaceous 
and Paleozoic-Mesozoic units. In contrast, all deep groundwater samples are classified as Na-Cl type, 
with different EC between the western and eastern parts. It is observed that groundwater in some deep 
monitoring wells mixed with shallow groundwater (sample 59 and 60). In addition, groundwater in 
some shallow monitoring wells seem to be different from others, indicating that these shallow 
monitoring wells’ screens are blocked by mud and water in the well has been stagnant for a long time.  
The positive relationship observed between Na with Cl in the shallow and deep groundwater  
throughout the entire concentration with Na/Cl ratios is close to seawater dissolution line, which 
indicates that Cl and Na are mainly derived from the long-time transport of marine aerosols. The 
Na/Cl ratio in shallow groundwater is higher than that of deep groundwater. The high Na/Cl ratio is 
most likely controlled by water-rock interaction, typically interpreted as reflecting Na released from 
the silicate and albite weathering reactions or from the secondary processes, such as ion exchange 
(Meybeck 1987; Appelo and Postma 1993; Guendouz et al. 2003; Zhu et al. 2008; Farid et al. 2015). 
Silicate dissolution may lead only shallow groundwater and is not likely a source of Na ion in deep 
groundwater. Because water derives solutes by silicate-weathering would have HCO3 as the most 
abundant anion, whereas HCO3 is minor in deep groundwater. Elevated Na/Cl ratios probably 
controlled by albite weathering. 
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Figure 4. Groundwater quality represented by Stiff diagrams. Because of less space, similar shape of production wells are omitted.
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The lower Na/Cl ratio of the deep groundwater is likely a result of cation exchange. The Na 
versus SO4 shows a strong correlation with each other suggesting another potential source of excess 
Na is weathering of Glauber’s salt (Na2SO4). Ca versus SO4 exhibits a good relationship, suggesting 
that simple gypsum dissolution may have control on the Ca chemistry. On the plot of Cl versus SO4, 
the majority of the waters have lower sulfate concentration than chloride, indicating the effect of 
cyclic wetting, drying and possible effect of gypsum dissolution processes. In additional, selected 
three borehole chip samples, which are taken by Oyu Tolgoi LLC, are analyzed by XRD. According 
to the results, albite, calcite and gypsum are existing in Gunii Khooloi area while dolomite and halite 
are not found from the analyzed samples. 
The compositions of the stable isotopes of water in the deep Cretaceous confined aquifer are depleted 
in 2H and 18O relative to  modern rainfall and the Quaternary shallow aquifer, which indicates a weak 
interaction between these two aquifers. Modern groundwater was identified in the shallow streambed aquifer, 
probably due to the direct infiltration of rainfall. On the other hand, 14C ages in deep groundwater range from 
2800 to 33500 years, which suggests that this is paleowater that was recharged during the last glacial age. The 
results indicate that there is a need for strategic groundwater management in the Gunii Khooloi basin. 
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論文審査結果の要旨 
 
  本論文は、モンゴル・ゴビ砂漠（南部）における浅層および深層地下水の調査結果に基づいて、地球化学的な
分析、年代測定および安定同位体の解析により、当該地域における地下水の流動と起源に関して総合的に考察して、
水文地質学および統計数理学の理論を駆使して地下水の概念モデルを新たに構築したものである。 
 第一章は緒論であり、本研究の背景、既往研究の概要、および本研究の目的について述べている。モンゴル・ゴ
ビ砂漠では降雨量が少なく、季節による蒸発散の変動が大きい特徴があり、地表から地下水に至る水の流動、地下
水の起源、さらには地下水の涵養や帯水層の構造など、不明な点が多い。しかも、当該地域では地下水調査の前例
が少なく、評価の基礎となる調査データが不足している。近年、ゴビ砂漠では石炭や非鉄金属の鉱山開発が盛んに
行われ、安定的な地下水の確保が喫緊の課題である。以上の背景から、本研究では当該地域の浅部および深部の地
下水を対象として、地球化学および同位体分析による地下水の流動と起源に関して水文学的な調査と解析を行い、
地下水の持続的な活用と将来における水文学的な変動を予測可能とするための概念モデルの作成を目的とする。 
 第二章では、浅部および深部の地下水の地球化学特徴について述べている。当該地域の地質および地下水を対象
にして数回のフィールド調査を行い、地質学的特徴および水文学的特徴を明らかにしている。また、対象地域内の
約 200 以上に及ぶ箇所の地下水の調査およびサンプルの採取を行い、地下水および地表水の基本項目、組成および
化学的、物理的特徴について基礎データを取得した。その結果、地表付近と深部の地下水では、pH, EC, 温度およ
び含有成分に大きな差異がみられ、浅部と深部の地下水は異なる起源を有することが推測された。地球化学的な解
析の結果、地下水中の無機成分の組成比では帯水層ごとに相当な変動が観測され、浅部の地下水は地表水の組成を
大きく反映するのに対して、深部の地下水は塩水の組成に似た化石水である可能性が示唆された。これらの特徴は、
当該地域における気象条件や地質条件に関する既往の研究成果を支持した結果となっている。 
 第三章では、地下水の年代および起源に関する地球化学的な分析結果について述べている。安定同位体（水素、
酸素）を用いた解析、放射性同位体（3H）による分析、さらには炭素 14 等による地下水の年代測定の結果から、
深部の地下水の年代は約2～3万年の範囲にあり、流動方向に沿って地下水の年代が古くなっていくことが分かった。
また、地下水のイオン組成の詳細な解析から、年代とともに地下水の組成比が変動して、水質進化する傾向が明ら
かになった。深部の地下水の起源については、年代が古いことから山岳地帯の高所に涵養域があり、長い年月にわ
たり長距離を流動することが示唆された。一方、浅部の地下水においては地下水の年代は30年未満であり、また組
成も雨水や地表水と類似していることから、雨水の直接的な涵養によるものであることが分かった。 
 第四章では、これまでの観測および解析結果に基づく地下水の概念モデルの作成について述べている。第二章か
ら第三章で得られた膨大なデータをもとに、統計数理手法を駆使してクラスター分析および主成分分析を実施した。
その結果、浅部と深部の地下水は、起源および流動の特徴における差異が顕著であり、異なった帯水層の構造を示
すことが明らかとなった。一部の深部地下水では、年代および組成ともに中間的な特徴を示したが、地表と深部帯
水層が接続している証拠を見出すことはできなかった。以上の統計的な解析結果を総合して、当該地域における地
下水の概念モデルを作成し、これを用いて地下水の流動や起源に関する定量的な解析が可能となった。 
 第五章は結論である。以上、要するに、これまで解明されていなかった当該地域の水文学的特徴を明らかにし、
概念モデルの具体的な形式で提示することができた。この成果は、広大な砂漠地域における水循環メカニズムの解
明をはじめとして、農業と地下開発に必要な水資源の安定的な確保、鉱山産業における地下水の持続可能な活用、
地下水観測システムの効率的な配置など、今後の環境科学の発展に大きく貢献するものである。 
 よって、本論文は博士(環境科学)の学位論文として合格と認める。 
 
    
